Functional overviews of cholinergic mechanisms in the cerebral cortex have traditionally focused on the release of acetylcholine with modulator and transmitter effects. Recently, however, data have emerged that extend the role of acetylcholine and cholinergic innervations to a range of housekeeping and metabolic functions. These include regulation of amyloid precursor protein (APP) processing with production of amyloid β (Aβ) and other APP fragments and control of the phosphorylation of microtubule-associated protein (MAP) tau. Evidence has been also presented for receptor-ligand like interactions of cholinergic receptors with soluble Aβ peptide and MAP tau, with modulator and signaling effects. Moreover, high-affinity binding of Aβ to the neurotrophin receptor p75 (p75NTR) enriched in basalo-cortical cholinergic projections has been implicated in clearance of Aβ and nucleation of amyloid plaques. Here, we critically evaluate these unorthodox cholinergic mechanisms and discuss their role in neuronal physiology and the biology of Alzheimer's disease.
Background
Cholinergic projections to the cerebral cortex and hippocampal formation arise from the basal forebrain (BF) and form one of the largest modulator systems of the brain. Through distributed innervations, they supply acetylcholine (ACh) to the entire cerebral mantle, modulating the activity of neurons and neural networks. Research over recent years has shed light on the highly complex organization and functionality of cholinergic innervations, in keeping with both the transmitter and neuromodulator roles of ACh (Munoz and Rudy 2014; Zaborszky and others 2015) . Ample evidence supporting the major role for cholinergic mechanisms in an array of cognitive processes has been obtained, with progressive depletion of cortical and hippocampal ACh and loss of cholinergic synapses documented in the course of normal aging and especially during Alzheimer's disease (AD) and related dementias (Arendt and others 1983; Mesulam 2004) . Released from cholinergic terminals and varicosities, ACh exerts its influence on neurons and synapses via several species of nicotinic (nACh) and muscarinic (mACh) receptors (Cooper and others 2003) . Through these, ACh activates membrane currents, finetunes the activity of a range of ion channels and regulates the intracellular Ca 2+ dynamics in neurons (Albuquerque and others 2009; Lucas-Meunier and others 2003) , influencing their excitability and synaptic functions (Figure 1) . Notably, along with its role as a neurotransmitter at specialized cholinergic synapses, ACh is also known to exert slow modulator effects through volume transmission, with a substantial fraction of morphologically identified cholinergic terminals and varicosities in the cerebral cortex and hippocampus lacking postsynaptic specializations (Descarries and others 1997; Sarter and others 2009) .
Although an evidence-based view is held for the focal transmitter and diffuse neuromodulator effects of ACh in the cortex and hippocampus, its specific roles for these two operational modes in the processing of information processing and integrative brain mechanisms remains elusive (Sarter and others 2014) . Reports of potent catalytic activity of acetylcholinesterase (AChE) capable of neutralizing the bulk of synaptic ACh even after large release events (Lawler 1961; Quinn 1987) while call into question the physiological relevance of cholinergic volume transmission, provide little clues towards understanding the physiological role of nonsynaptic cholinergic receptors abundantly expressed throughout the brain. Moreover, it remains unclear as to whether the homeostatic and housekeeping functions of ACh such as regulation of the phosphorylation of microtubule-associated protein (MAP) tau or processing of amyloid precursor protein (APP) rely on canonical synaptic transmission or depend on paracrine cholinergic effects. These fascinating questions along with recent evidence regarding the uptake and degradation of Aβ by BF cholinergic neurons highlight serious flaws in the prevalent neurophysiological hypothesis of cortical ACh and suggest that in the brain the role of cholinergic innervations extend beyond the supply of ACh with its neuromodulator and transmitter effects. In this article we overview selective evidence for homeostatic and metabolic functions of the basalo-cortical cholinergic projections and briefly discuss their relevance to neuronal physiology and pathobiology of AD.
The Synaptic Model of Cholinergic Functions: A Brief Overview
Cholinergic projections to the cerebral cortex are primarily formed by axons of large neurons of the nucleus basalis Meynert (NBM), while inputs to the hippocampus and associated structures arise from the medial septum and vertical limb of diagonal band Broca (Mesulam and others 1983a; Mesulam and others 1983b; Zaborszky and others 2015) . The topographic organization of basalocortical cholinergic projections while evident already in the rodent brain, becomes far more prominent in primates and especially in humans (Mesulam 2013; Zaborszky and others 2015) . In order to designate groups of cholinergic neurons within the BF, Mesulam and colleagues introduced the Ch1-4 nomenclature (Mesulam 2013; Mesulam and others 1983a; Mesulam and Geula 1988) . According to this description, Ch1/Ch2 mark the group of cholinergic neurons in the medial septum and vertical limb of the diagonal band Broca, which provide cholinergic inputs to the hippocampal complex; cholinergic neurons in the horizontal limb of the diagonal band Broca project to the olfactory bulb (Ch3), while sublenticular cholinergic neurons often referred as neurons of the NBM (Ch4) project to the amygdala and the entire neocortex (Mesulam and others 1983a; Mesulam and others 1986) . In keeping with the relative specificity of targets, individual cortical areas receive their major cholinergic innervations from different segments of the Ch4 complex (Mesulam and others 1983a) .
Figure 1.
Overview of cholinergic receptors with their functional effects. Nicotinic and muscarinic receptor trees. Nicotinic receptors (top) are divided into neuronal (I-III) and muscle (IV) types. Neuronal nAChRs are further subdivided into 3 subfamilies (I-III), with subfamily III further subdivided into three tribes. Subunits of nAChR assemble into homo-or hetero-pentamers to form an ionotropic receptor-channel complex. On activation, nAChRs mediate the influx of cations to depolarize the membrane and activate intracellular signaling. Muscarinic receptors (bottom) are encoded by five different genes, which translate into M1-M5 G-protein-coupled receptors. Upon binding to acetylcholine, these stimulate G-protein(s), which activates a cascade of chemical reactions, leading to changes in ion channel activity and synaptic transmission.
Both cortical and hippocampal pyramidal neurons and interneurons receive mono-synaptic inputs from the BF (Freund and Antal 1988; Frotscher and Leranth 1985) , where ACh activates a selection of nAChR and mAChR. As a typical ionotropic receptor-channel, nAChR on activation induces fast membrane currents. Produced through pentamerization of α(2-10) and β(2-4) subunits, nAChR widely vary in their composition, subunit stoichiometry and functions (Fenster and others 1997; Nai and others 2003) . Among nAChR, α4β2 is the most abundantly expressed receptor in the brain, enriched in cortical and hippocampal neurons, followed by α7 nAChR expressed mainly at glutamate-, GABA-, and cholinergic presynaptic elements (Kawai and Berg 2001; Arroyo and others 2014) . Of note, in the majority of cases the physiological state of a single neuron can be affected by three or more subspecies of nAChR. Functionally, all nAChR reveal comparable permeability for K + and Na + ions but differ in their permeability to Ca 2+ , which is highest for α7 nAChR. These special molecular and functional characteristics of nAChR accord with their special role in transmission of fast and temporally discrete cholinergic signals as well as the modulation of functions and plasticity mechanisms at both cholinergic and non-cholinergic synapses (Vizi and Lendvai 1999; Engelman and MacDermott 2004) .
Unlike ionotropic nAChR, mAChR represent the first and most thoroughly characterized G-protein-coupled metabotropic receptor, also widely expressed throughout the brain. Based on signal transduction mechanisms, mAChR are generally classified into two subgroups: (1) M1, M3, and M5 linked to phospholipase C via G q/11 and mobilizing intracellular Ca 2+ and (2) M2 and M4 coupled negatively to adenylate cyclase through G i/o protein and inhibiting cAMP activity (Cooper and others 2003) . M1 AChR is the most abundant muscarinic receptor subtype in the brain, followed by moderately expressed M2 and M4, while M3 and M5 show the lowest expression levels. In the hippocampus and cerebral cortex, M1 and M3 receptors are localized mainly on pyramidal neurons, while M2 and M4 mAChR are enriched on interneurons and pre-synaptic terminals (Volpicelli and Levey 2004) . Importantly, and unlike largely presynaptic effects of nAChRs with regulation of the strength and plasticity of synaptic inputs to interneurons and pyramidal cells, the most consistent and well-characterized effects of mAChR are postsynaptic, and lead to slow depolarization of neurons with increase in their membrane resistance. These effects result from inhibition of several hyperpolarizing membrane currents, including IK + , IM, and IAHP, Ca 2+ activated IK + capable of dampening the membrane excitability of neurons and reducing their firing capacities (Cole and Nicoll 1983; Dutar and others 1995; Unal and others 2015) . Importantly, ACh also regulates neuronal excitability through inhibition of GABAergic transmission, an effect that is mediated via presynaptic nAChR and mAChR (Brown 2010; Nunez and others 2012; Raiteri and others 1990) . Together with the enhancement of membrane excitability, cholinergic inhibition of the GABAergic synaptic drive promotes the activation of all-or-none Ca 2+ spikes and bursts of action potentials in cortical neurons in response to strong depolarizing inputs, which facilitate long-lasting synaptic plasticity within the somatosensory cortex (Nunez and others 2012) . Finally, stimulation of mAChR receptors has also been shown to enhance the response of NMDA receptors to glutamate and promotes the induction of activity-dependent long-term potentiation (LTP) of glutamatergic synapses (Markram and Segal 1992; Ovsepian and others 2004) . These and other related studies demonstrate a major role of mAChR in the regulation of synaptic transmission and plasticity mechanisms at cortical and hippocampal synapses (Ovsepian 2008; Rasmusson 2000) . Taken together, the diversity of pre-and postsynaptic AChR with their broad range of effects in neurons and synapses support the dual transmitter and modulator functions of ACh.
Acetylcholine Promotes the Non-Amyloidogenic Cleavage of APP and Inhibits Aβ Production
The first evidence for the regulation of APP cleavage by surface receptors was presented by Roger Nitsch and colleagues (Nitsch and others 1992) in demonstrating that stimulation of mAChR in HEK cells promotes the nonamyloidogenic cleavage of APP with shedding of the sAPPα fragment. Subsequently, a dose-dependent increase in sAPPα production by mAChR was demonstrated also in neurons Nitsch and others 1996) . These pioneering findings were later confirmed through the use of selective M1 and M3 mAChR agonists and extensively discussed (Fisher and others 1998; Muller and others 1997; Rossner and others 1998) . Importantly, stimulation of sAPPα production by mAChR correlated with activation of G q/11 coupled protein kinase C (PKC) signaling and reduction in secretion of the Aβ peptide (Buxbaum and others 1993; Hung and others 1993) ( Figure 2 ). Stimulation of phosphatidylinositol 3-phosphate (PI3) hydrolysis by bradykinin, interleukin-1, and vasopressin receptor agonists also enhanced the production of sAPPα (Buxbaum and others 1992; Nitsch and others 1992) . In contrast, stimulation of M2 and M4 receptors or downstream cAMP had no effects on APP proteolysis (Nitsch and others 1992) . Phorbol esters, which mimic the effects of PKC stimulant diacyl-glycerol (DAG) also promoted sAPPα production and reduced the secretion of Aβ Greengard 1994a, 1994b) . Recently, molecular events contributing towards the regulation of APP metabolism by cholinergic mechanisms have been revealed in detail, with both α-(ADAM17) and β-secretases (BACE1) proven as primary downstream effectors (Fisher 2012; Thathiah and De Strooper 2011) .
In keeping with the up-regulation of the ADAM17 by PKC α/ε and enhancement of the α cleavage of APP, in AD brains, the level and activity of PKC is notably reduced, an effect that correlates with increased deposition of Aβ and related pathological changes in the cerebral cortex and hippocampus (Kurumatani and others 1998) . Regulation of APP processing by ACh has also been verified by reports showing that selective ablation of BF cholinergic neurons with immune-toxins (Saporin IgG-192) exacerbates amyloid pathology and promotes the deposition of parenchymal and vascular Aβ in the brains of animals models (Beach and others 1997; Gil-Bea and others 2012; Hartig and others 2014; Laursen and others 2013; Roher and others 2000) . Consistent with anti-amyloidogenic effects of M1 mAChR, treatment of AD transgenic mice with selective M1 receptor agonist AF267B or AChE inhibitors lowered the levels of Aβ in their brains and cerebrodpinal fluid (Beach 2002; Beach and others 2001) and improved cognitive functions (Caccamo and others 2006) . It is noteworthy that along with promoting the non-amyloidogenic processing of APP, activation of M1 mAChR potently and selectively inhibited the activity of BACE1-the rate-limiting catalyst of the β-cleavage of APP with Aβ production (Davis and others 2010; Zuchner and others 2004) ( Fig. 2) . Such effect qualifies the agonists of M1 mAChR as potent and selective BACE1 inhibitors, unlike recently developed synthetic BACE1 inhibitors, which demonstrate considerable cross-reactivity with BACE2 protease (Yan and Vassar 2014) . In contrast to the anti-amyloidogenic and GSK-3β suppressant effects of AF267B, the M1 mAChR antagonist dicyclomine, in addition to inhibiting ADAM17 activity also stimulates BACE1 and GSK-3β functions, promoting Aβ production and phosphorylation of MAP tau, with detrimental effects on the cognitive functions of AD mice (Fisher 2012) .
Regulation of APP cleavage with production of Aβ and other APP fragments by nAChR-dependent mechanisms have also been documented. In primary cell cultures, nicotine at low dosage promoted the shedding of sAPPα without altering the levels of APP mRNA, an effect that was antagonized by a broad-spectrum nAChR antagonist mecamylamine or Ca 2+ chelator EGTA. These findings are in agreement with the essential role of nAChR-induced mobilization of intracellular Ca 2+ in promoting the non-amyloidogenic cleavage of APP with shedding of the sAPPα fragments (Kim and others 1997) . Evidence from in vivo studies remains conflicting and inconclusive; while some reports show nicotine-induced reduction in the deposition of Aβ with amelioration of plaque pathology in AD mouse models (APPsw) (Nordberg and others 2002; Unger and others 2006) , others found no effects (Sabbagh and others 2008) or observed exacerbation of the pathology (Oddo and others 2005) . In summary, although the details and possible source of controversial findings remain at present unclear, most reports agree on the significance of endogenous ACh in regulating APP processing and its signaling functions. Such effects involve stimulation of both nicotinic and muscarinic ACh receptors with mobilization of intracellular Ca 2+ and modulation of the activity of major APP cleaving proteases.
Cholinergic Mechanisms in Control of MAP tau Phosphorylation
Phosphorylation of MAP tau is the major and most thoroughly investigated posttranslational modification for this protein and is of primary relevance to the pathobiology of AD. From a total of 441 tau residues (the longest isoform in the central nervous system), 79 present potential phosphorylation sites catalyzed by an array of kinases, including GSK-3β, cdk5, MAPK (p38), JNK, PKA, PKC, CaM (Avila and others 2004; Querfurth and LaFerla 2010) ( Fig. 2) . While earlier studies have focused mainly on the serine/threonine residues, recently, tyrosine residues also have become of major interest. Upon hyperphosphorylation, MAP tau fails to bind to microtubules. This leads to destabilization of microtubules with their collapse and formation of paired helical filaments of tau, which oligomerize and provide the raw material for the formation of neurofibrillary tangles during AD and several other neurodegenerative diseases (Fig. 4) .
Since the pioneering research led by Arendt and colleagues (Arendt and others 1999) highlighting the close association between hyperphosphorylation of MAP tau and cholinergic depletion in the hippocampus and cortex of subjects affected by AD, several studies have shown that stimulation of nAChR promotes, while activation of mAChR inhibits the phosphorylation of MAP tau (Bencherif and Lippiello 2010; Buckingham and others 2009) . Recently, Härtig and colleagues reported that in adult triple transgenic mice mimicking β-amyloidosis and tau hyperphosphorylation, selective lesion of BF cholinergic neurons, in addition to promoting amyloid pathology also enhanced the level of phosphorylated MAP tau and caused the accumulation of its AD specific conformations in the brain (Hartig and others 2014) . In SH-SY5Y human neuroblastoma cells overexpressing α3 or α7 nAChR, nicotine or nAChR agonist epibatidine increased the levels of both phosphorylated and nonphosphorylated tau; these effects were antagonized by selective nAChR antagonists mecamylamine or d-tubocurarine (Del Barrio and others 2011; Hellstrom-Lindahl and others 2000) . It was also shown that nicotine promotes the phosphorylation of tau at specific amino acid residues (Ser202, Thr231, and Thr 181), which are prone to hyperphosphorylation during AD (Wang and others 2003) (Fig. 2) . Treatments of SH-SY5Y cells with AChE inhibitors donepezil and tacrine, similar to nicotine, enhanced the phosphorylation of MAP tau and promoted the expression of nAChR (Hellstrom-Lindahl 2000; Hellstrom-Lindahl and others 2000), with inhibition of these effects by antagonists of nAChR but not mAChR confirming their dependence on the former. Related observations were also made in the SK-N-MC cell line, where hyperphosphorylation of MAP tau by nAChR agonists occurred if cells expressed α7 receptors, with pharmacological blockers or anti-sense oligonucleotides of α7 nAChR preventing the effects of nAChR agonists (Wang and others 2003) .
Although the precise molecular events involved in hyperphosphorylation of tau by nAChR are a subject of ongoing research, Ca 2+ influx with mobilization of intracellular Ca 2+ seem to be sufficient for triggering this process. Indeed, chelating extracellular Ca 2+ in cultured medium with EGTA inhibited the phosphorylation of tau by nicotine and other nAChR agonists (Hellstrom-Lindahl and others 2000). These findings accord with reports of increased phosphorylation of MAP tau by the Ca 2+ ionophore A23187 (Shea and others 1996) , while reduction in phosphorylation of the tau protein by inhibitors of calpain and Ca 2+ activated PKC imply essential roles played by these enzymes. It is worth stressing that there is considerable topographical overlap between the brain regions exhibiting the highest levels of neurofibrillary tangles in AD autopsies with those undergoing the most pronounced nicotine-induced hyperphosphorylation (Wang and others 2003) . On the other hand, in transgenic AD mice, which develop age dependent amyloidosis with neurofibrillary tangle pathology and LTP deficit (Kitazawa and others 2005; Oddo and others 2003) , the expression of nAChR is significantly reduced, an effect which is most pronounced in forebrain structures with the highest levels of intracellular Aβ (Oddo and others 2005) . While chronic treatment with nicotine did not change the levels of soluble Aβ in brains of AD mouse models, it caused marked elevation in aggregates of hyperphosphorylated tau, a process that is presumably catalysed by p38-MAP kinase (Oddo and others 2005) .
Unlike nicotine, in heterologous expression systems both
Carbachol and the M1 receptor agonist AF102B reduced the level of phosphorylated MAP tau in a dose-and time-dependent manner (Kar and others 2004; Sadot and others 1996) . Chronic treatment of ApoE-deficient mice with another M1 agonist AF150 also lowered the level of hyperphosphorylated MAP tau in their neurons, an effect associated with improved cognition and recovery of cortical and hippocampal cholinergic markers (Fisher and others 1998) . These descriptive reports had been followed by mechanistic studies (Balaraman and others 2006; Caccamo and others 2006) demonstrating that a mAChR-dependent increase in PKC activity with inhibition of GSK-3β could account for both, the reduction in Aβ toxicity and hyperphosphorylation of MAP tau. Interestingly, single cell gene expression profiling with cDNA array analysis of tau in patients affected by mild cognitive impairment and AD revealed a considerable shift from the three-repeat tau (3Rtau) to four-repeat tau (4Rtau) mRNA ratio within individual BF cholinergic neurons as well as in CA1 pyramidal cells; these alterations were AD-specific and could not be detected in the course of normal aging (Ginsberg and others 2006a; Ginsberg and others 2006b). Taken as a whole, these findings support the major regulatory function of ACh in the phosphorylation of MAP tau via both mAChRs and nAChRs and confirm the key importance of the endogenous cholinergic drive in the maintenance of neuronal integrity and synaptic functions.
Clearance of Aβ by Basalo-cortical Cholinergic Projections
In addition to the evidence for the cholinergic regulation of MAP tau phosphorylation and APP processing, recent studies have also suggested the importance of hippocampal and cortical cholinergic innervations in the clearance of Aβ (Ovsepian and Herms 2013a; Ovsepian and others 2014) (Fig. 3 ). In the nervous system, clearance of Aβ is traditionally viewed in association with three independent processes: (1) gradient driven efflux of Aβ or its ATP-dependent transport into the circulatory systems, (2) local proteolysis of Aβ by amyloid-degrading enzymes, and (3) its phagocytic removal by microglia. Recently, evidence has been obtained for the internalization of Aβ by neurons, with relevance of this process to the pathobiology of AD extensively discussed (Gouras and others 2010; LaFerla and others 2007; Nixon 2013) . Depositions of Aβ in catepsin-enriched endosomes within dystrophic axons, which maturate into lysosomes suggest that the uptake and break down of this peptide by neurons is widely represented throughout the brain. The levels of cathepsins (B, D) and the amount of Aβ or APP enriched intra-neuronal endosomes are strongly enhanced in brains affected by AD as well as in cortical neurons of transgenic AD mice (Gouras and others 2000) .
We proposed that receptor-mediated endocytosis followed by degradation of Aβ within BF cholinergic neurons may be of major importance for maintaining physiological levels of this peptide in forebrain structures innervated by cholinergic inputs (Ovsepian and Herms 2013b) . In particular, cholinergic projections enriched with the p75 neurotrophin receptor (NTR) are capable of high-affinity binding to both mono-and oligomeric Aβ (Dechant and Barde 2002; Yaar and others 1997) and appear to be exquisitely suitable for their endocytosis with sorting for degradation in lysosomes (Ovsepian and others 2014) . Although Aβ induced death signaling via p75NTR has been documented, the physiological relevance of the receptor-ligand like interactions of Aβ and p75NTR remains elusive (Dechant and Barde 2002) . The lack of dystrophic cholinergic axons in Thy1-hAPP-London/Swe-p75NTR −/− mice, which contrasts with the widespread axonal abnormalities and loss of BF cholinergic neurons in the Thy1-hAPP-London/Swe-p75NTR +/+ genotype (Knowles and others 2009) supports the major role of p75NTR in promoting the neurotoxic effects of Aβ. Accordingly, selective ablation of BF cholinergic neurons or deletion of p75NTR accelerated the deposition of Aβ plaques and related histopathological changes in the cerebral cortex and hippocampus in AD mouse models (Gil-Bea and others 2012; Hartig and others 2014; Laursen and others 2013; Wang and others 2011). These observations accord with earlier data from studies conducted in rabbits, which revealed characteristic depositions of perivascular Aβ after targeted lesion of BF cholinergic neurons with immune-toxins (Roher and others 2000) . Together with the allegedly unchanged functions of the forebrain cholinergic system in p75NTR −/− mice (Greferath and others 2000) , these observations suggest that the functions of BF cholinergic inputs to the hippocampus and cerebral cortex extend beyond the supply of ACh with neurophysiological effects (Figure 3) . Indeed, specific binding of Aβ to p75NTR (Kd = 12nM compared with Kd = 7nM reported for NGF) (Yaar and others 1997) would afford the projection fields of basalo-cortical cholinergic axons enriched by the p75NTR with an elaborate molecular 'drain' for the sequestration of Aβ followed by its degradation. Such unique functionality of cholinergic innervations accords with results of clinical studies, which revealed a selective decline in the numbers of p75NTR expressing BF cholinergic neurons in plaque laden AD brains (Counts and Mufson 2005) .
In the context of increased deposition of Aβ in brains affected by AD, the loss of BF cholinergic neurons with p75NTR dense projections would exacerbate the progression of the amyloidosis and overwhelm the proteolytic machinery of cholinergic cells with Aβ, leading to their lysosomal deficiency with metabolic collapse. It is interesting to note that unlike double transgenic APPSwe/PS1dE9 mice, in which ablation of BF cholinergic neurons leads to exacerbation of amyloid pathology with cognitive decline and memory deficit (Laursen and others 2013), APPSwe/ PS1dE9/p75NTR -/triple transgenic mice revealed no memory deficit in spite of the extensive amyloid pathology in the hippocampus and cerebral cortex (Wang and others 2011) . This dissociation of cognitive and homeostatic functions of BF cholinergic system accords with its dual (ACh and p75NTR dependent) functionality (Figure 3) and is in agreement with results of human clinical studies of olivoponto-cerebellar atrophies. Indeed, contrasting to the extensive loss of BF cholinergic axons and synapses in AD brains associated with widespread amyloid pathology in the cerebral cortex and hippocampus, degeneration of tegmentopontine cholinergic neurons while correlate with a strong depletion of cortical ACh is not associated with amyloid pathology (Kish and others 1989; Robitaille and others 1995) . Thus, in addition to well recognized neuromodulator and housekeeping functions, the BF cholinergic system appears to play a major homeostatic role in the clearance of Aβ. Through distributed innervations enriched with p75NTR, cholinergic axons afford their projection fields with an elaborate system for the sequestration of Aβ with its removal and degradation in lysosomes (Figure 3 ).
Aβ and tau Protein as Endogenous Ligands for Cholinergic Receptors
In addition to ACh, cholinergic receptors bind specifically and with high affinity to several collateral ligands, including Aβ and MAP tau. While the physiological relevance of the specific binding of Aβ and tau to cholinergic receptors remains undefined, accumulating data imply their direct neuromodulatory role and possible contribution to AD pathobiology (Auld and others 1998; Avila and others 2014) . Accordingly, loss of cholinergic innervations (of 45% to 85% of axons) in AD is most prominent in associative cortical regions, including the (a) A schematic illustration of the synthesis, storage, and release of ACh followed by its breakdown; the choline transported into pre-synaptic terminals by the high-affinity transporter is reused for de novo synthesis of ACh via a single enzymatic step. The acetyl coenzyme A for ACh synthesis is derived from mitochondria. Synthetized ACh is then loaded into synaptic vesicles by vesicular ACh transporter (yellow circle: vAChT) and released. (b) Schematic illustration of human basalo-cortical projections with dual (1) cholinergic receptor-mediated (via mAChR1-5 and nAChRI-III) (left) and NTR receptor mediated functions and effects. Note, diffuse cholinergic projections internalize and transport trophic factors and other collateral NTR ligands (including Aβ) to their soma (adapted from Ovsepian and Herms 2013a). (c) Graphical illustration of three main intracellular routes taken by p75NTR and its ligands after internalization. Part of the internalized cargo is recycled back to the surface within early and recycling endosomes (EE, RE), while the rest is sorted to signaling endosomes (SE) or multivesicular bodies (MVBs). From here, most of the cargo is sorted for degradation in hybrid compartments formed by fusion of the MVB and late endosomes (LS) with lysosomes, while small amounts of the material escapes from the degradation pathway and becomes available for release. temporal, prefrontal, posterior parietal, orbitofrontal, and cingulate cortices, known also to be severely affected by amyloid pathology, whereas cholinergic inputs to primary sensory and motor subsystems remain relatively intact (Mesulam 2004) . Even though the density of Aβ plaques in these and associated cortical regions does not directly relate to the amount of degenerated cholinergic axons, it correlates significantly with the number of remaining fibers and with the percentage of lost axons (Geula and others 1998) . Strong co-localization of α7 nAChR and Aβ within neurons and amyloid lesions have been found in AD autopsies (Nagele and others 2002) . Interestingly, in transgenic AD mouse models, down-regulation of α7 receptor expression appears to be restricted to the brain structures affected most severely with amyloid pathology (Oddo and others 2005) . While the mechanisms for the regulation of α7 nAChR expression by Aβ remain elusive, the capability of Aβ to specifically bind and activate the internalization of α7 receptors could be involved in the process. This notion is in line with the data from heterologous expression systems, which demonstrate that in α7 nAChR-transfected neuroblastoma cells, internalization of Aβ strongly exceeds that in nontransfected controls (Nagele and others 2002) . In addition to the regulation of nAChR expression, dose-dependent activation or inhibition of nAChR by soluble Aβ has also been reported. Of note, in low amounts Aβ activates α7 nAChR and downstream ERK2-MAPK signaling (Dineley and others 2002; Fodero and others 2004) while at higher concentrations it antagonizes α7 nAChR functions in both human and rat brains and inhibits presynaptic Ca 2+ currents Pettit and others 2001) . Postsynaptic neuromodulator effects of Aβ have also been reported in septo-hippocampal neurons, with Aβ acting through α7 and α4β2 receptors (Chin and others 2007) . Of note, Aβ appears also to modulate the effects of nAChR agonists and antagonists on synaptic functions (Li and others 2011) , an effect that varies between different species of nicotinic receptors. For instance, compared with α7 nAChR, α7β2 receptors are more prone to inhibition by Aβ1-42 oligomers. In fact in both, heterologous expression systems and in neurons oligomeric Aβ1-42 specifically and potently antagonizes α7β2 but not α7 receptor mediated whole-cell currents (Liu and others 2009) . In contrast with the overtly consistent neurochemical data, results from behavioral studies are sparse and conflicting. While one report showed the enhancement of the oligomerization of Aβ with cognitive decline in α7 −/− nAChR (Hernandez and others 2010), another study showed amelioration of AD pathology with improved memory and cognition in the absence of the α7 receptor (Dziewczapolski and others 2009) .
Similar to the nAChR, Aβ was found also to interact with mAChR and exerts its effects via activation of M1 receptors (Levey and others 1995; Thathiah and De Strooper 2011) . The recent discovery of the activitydependent release of soluble Aβ and tau from living neurons (Cirrito and others 2005; Pooler and others 2013; Yamada and others 2014) kindled a surge of interest in potential neurophysiological effects of extracellular Aβ and tau on the biology of neurons and synapses. Along with their capacity to induce cytotoxicity via disruption of the integrity of biological membranes and deregulation of neuronal Ca 2+ homeostasis, Aβ and tau also disrupt physiological processes and functions through specific interactions with mAChR. Gomez-Ramos and colleagues, for instance, reported that the direct binding of tau to mAChR can mobilize intracellular Ca 2+ and alter cellular Ca 2+ dynamics (Gomez-Ramos and others 2006) . Through combining cDNA transfection and pharmacological screening, M1 and M3 receptors have been implicated in tau induced cytotoxicity and Ca 2+ mobilization (Gomez-Ramos and others 2008). Similar observations have also been made in COS-7 cells, where MAP tau coupled to CY5 fluorescence dye activated M1 and M3 receptors, with the estimated binding affinity of MAP tau exceeding that of ACh. It is important to note that while both MAP tau and ACh can mobilize intracellular Ca 2+ , such an effect although more potent, also inactivates more rapidly when induced with ACh (Rubio and others 2009). In summary, from the brief overview of selected reports, intriguing facets of the regulation of cholinergic functions by Aβ and MAP tau is evident. Further research is warranted for the identification of the physiological relevance of direct interactions of these collateral ligands with cholinergic receptors and defining the effects of these interactions on the biology of neurons and synaptic functions.
Cholinergic Effects Extend beyond Neuromodulation and Synapses
Cholinergic basalo-cortical projections share with other ascending modulator systems of the brain their distributed organization, innervating all regions and layers of the cerebral cortex and hippocampus. Like other cortical modulatory projections, cholinergic axons along with transmission of signals through canonical synaptic wiring also use nonjunctional volume transmission, with paracrine activation of extrasynaptic cholinergic receptors (Contant and others 1996; Descarries and others 1997; Umbriaco and others 1995) . Ultrastructural analysis of axon terminals and varicosities in the hippocampus and cerebral cortex has demonstrated that the majority of cholinergic presynapses lack specialized postsynaptic elements (Descarries 1998; Descarries and others 1997) , with more recent studies however challenging the results of these early reports (Munoz and Rudy 2014) . In primates, for instance, only 44% of cholinergic varicosities and axon terminals form morphologically defined synapses (Mrzljak and others 1995) . Similar observations have been made also in the human cerebral cortex (Smiley and others 1997) , while in the murine hippocampus and neo-striatum the incidents of cholinergic varicosities with postsynaptic specializations appear to be even higher (Contant and others 1996; Umbriaco and others 1995) . These special structural arrangements were interpreted in early reports as direct evidence for cholinergic volume transmission, which operates in parallel with communication via synaptic wiring. The non-junctional model of cholinergic effects received also direct support from immuno-cytochemical studies, which demonstrated the prevalence of extra-synaptic cholinergic receptors in the hippocampus and other limbic structures as well as in the neocortex (Lendvai and Vizi 2008; Mrzljak and others 1995) . Interestingly, mAChR and nAChR have been identified on both cholinergic and noncholinergic axon terminals and varicosities, in agreement with auto-and paracrine effects of non-synaptic acetylcholine. Indeed, enrichment of glutamatergic, GABAergic and other non-cholinergic axons with nAChR and mAChR imply that the functions of these afferents can be subject to regulation by ambient ACh while expression nAChR and mAChR on cholinergic terminals accords with their autoreceptor functions. The notion of cholinergic volume transmission is also supported by the dense arrangement of cholinergic terminals and synaptic varicosities in the cerebral cortex and hippocampus (~500 terminals within 10-µm radius, with 5-10 times more undefined terminals and thousands of dendritic spines) (Descarries 1998) along with remarkable extracellular mobility of transmitters and peptides outside of synapses (Jansson and others 2000; Rusakov and others 2011). Moreover, as pointed out earlier, cholinergic axons and synaptic terminals enriched with p75NTR but devoid postsynaptic elements can afford their projection fields with an elaborate system for Aβ clearance. Importantly, unlike temporally discreet and targeted synaptic effects, which rely on highly localized surges of ACh to high micromolar concentrations, cholinergic modulation of APP processing and MAP tau phosphorylation appears to be operational from much lower concentrations of ACh (Mousavi and Hellstrom-Lindahl 2009; Scerri and others 2012) . Thus, along with the wellrecognized modulation of synaptic and neuronal functions via canonical mechanisms, endogenous ACh evidently plays a major metabolic and homeostatic role (Figure 4) , (a) Activation of the mAChR M1 receptors stimulates G q -protein → PLC and downstream events involving IP 3 signaling and mobilization of intracellular Ca 2+ , which inhibits the low-threshold K + and Ca 2+ activated K + currents. ER, endoplasmic reticular Ca 2+ stores; CC, IP 3 sensitive calcium channel, Ach, acetylcholine. (b) ACh via the same receptor and stimulation of DAG → PKC α,ε,δ also regulates the activity of BACE1 and ADAM17-two of three key amyloid precursor protein (APP) cleaving proteases. Cleavage of APP by ADAM17 (nonamyloidogenic) with shedding of sAPPα occurs on the surface or within early endosomes (1), while β/γ cleavage takes place in acidifying endosomes (2, 3), a step that is followed by release of sAPPβ and Aβ as well as with the generation of the APP intracellular domain (AICD) involved in nuclear signaling. (c) Stimulation of nAChR and mAChR can increase intracellular Ca 2+ and activate an array of kinases (GSK-3b (beta instead of 'b'), cdk5, CaM, MAPK, JNK, PKA/C) which can promote the phosphorylation of microtubule-associated protein (MAP) tau. This leads to unbinding of MAP tau from microtubules with their collapse and formation of oligomeric and fibrillary tau.
with important implications for regulating an array of important signaling and integrative processes in neurons.
Closing Remarks
In the cerebral cortex and hippocampus, ACh is traditionally viewed as a potent regulator of a range of cellular and molecular processes, through multiple cholinergic receptor subtypes and mechanisms. These are considered to be of prime importance for focal modulation of neuronal and synaptic functions as well as for regulation of the global state and activity of cortical and hippocampal networks implicated in higher brain mechanisms. In this article, we discussed growing evidence for additional homeostatic and housekeeping roles of the BF cholinergic system, which involve the regulation of APP cleavage with Aβ production, control of MAP tau phosphorylation and Aβ clearance (Figure 4 ). We reviewed selected evidence for the modulation of cortical cholinergic functions by Aβ and MAP tau, which specifically bind and activate cholinergic receptors, and briefly discussed the possible relevance of these processes to neuronal physiology and pathobiology of AD. The heterodox mechanisms reviewed here, while in general agreement with the neurophysiological cholinergic hypothesis, also highlight the limitations of the latter with the need for its careful revision. Future research should extend our understanding of the biology and functions of the BF cholinergic systemone of the key modulator systems of the brain, to facilitate the discovery of novel therapeutic targets for prevention or perhaps treatment of Alzheimer's disease and related disorders.
